We evaluated the effect ofcarbon monoxide (CO) exposures during the lst timester of pregnancy on the frequency oflow birth weight among neonates born [1989][1990][1991][1992][1993] to women living in the Los Angeles, California, area. Using birth certificate data for that period, we assembled a retrospective cohort of infants whose mothers resided within 2 miles of 1 of 18 CO monitoring stations. Based on the gestational age and birth date of each child, we estimted last-trimester exposure by averanng the corresponding 3 months of daily CO Denver, Colorado, residents between 1975 and 1983 (18), perhaps reflecting the much lower ambient CO levels in Denver than those often found in the Los Angeles area.
To date, few studies have investigated the effect of ambient air pollution on birth outcomes. Yet the human fetus is likely to be one of the populations most vulnerable to air pollutants. Numerous studies have demonstrated that maternal smoking during pregnancy increases the risk for delivering low birth weight (LBW), preterm, and small-for-gestational-age infants (SGA) (1) (2) (3) (4) (5) . Moreover, environmental tobacco smoke-which elevates indoor levels of carbon monoxide (CO) and particulates <10 pm (PMIO)-is also associated with reduced birth weight and SGA (6) (7) (8) (9) (10) (11) (12) . Such evidence is consistent with the hypothesis, first suggested over two decades ago, that ambient air pollutants, specifically CO, might have a deleterious effect on fetal growth and development (13) (14) (15) .
The first study in a human population reporting a lower mean birth weight for babies whose mothers lived in areas of high air pollution was conducted in Los Angeles, California in the early 1970s (16) . More recently, a study of Chinese women living in Beijing found elevated levels of sulfur dioxide (SO2) and total suspended partides (TSP) to be associated with an increase in risk for delivery of low-weight (<2,500 g) full-term neonates (17) . However, Wang et al. (17) had insufficient data to evaluate the influence of levels of CO or other air pollutants that might be correlated with the high TSP or SO2 concentrations that were measured. No clear relationship was detected between average ambient levels of CO and low birth weight among babies born to Denver, Colorado, residents between 1975 and 1983 (18) , perhaps reflecting the much lower ambient CO levels in Denver than those often found in the Los Angeles area.
In general, low birth weight is considered to be an important predictor of infant mortality and childhood morbidity, and may continue to be a risk factor for morbidity into adulthood (19, 20) . As Weinberg and Wilcox (21) have pointed out, however, low birth weight itself does not cause adverse health outcomes, but rather serves as a biomarker for the primary causal factors responsible for prenatal developmental disturbances that predispose to childhood disability. It is widely accepted that it is important to reduce exposure to risk factors for low birth weight whenever possible in order to decrease the associated burden of disability and disease. If birth weight is found to be sensitive to the toxic effects of air pollutants, it can be used as an easily monitored sentinel indicator for environmental hazard surveillance, available to any large population that routinely records birth information and ambient air pollution levels.
In our investigation of the influence of current levels of air pollutants on birth weight, we chose to concentrate on the effects of carbon monoxide because a biologic mechanism for fetal effects has been proposed for CO, but not for other air pollutants. Furthermore, studying the effect of CO 
Methods
Exposure assessment. Between 1989 and 1993, monitoring data for ambient carbon monoxide levels were collected by the SCAQMD at 21 locations. Fixed-site monitors are most likely to reflect accurately only those ambient CO levels within a small perimeter of the station because CO levels are known to fall sharply with increasing distance from an emitting source (22) . Staff at the SCAQMD therefore recommended that we extrapolate CO levels no farther than a 2-mile radius in order to avoid exposure misdassification J. Cassmassi, personal communication). Thus, we restricted our study population to the infants of mothers residing within about 2 miles ofa stationary air pollution monitor.
Previous studies in Denver and Los Angeles have demonstrated that stationary monitors provide a good measure of neighborhood CO exposure within a 1-2-mile radius (23) . We chose the 2-mile radius criterion because the information about maternal residence that can be accessed from California birth certificates is restricted to zip codes, and the boundaries of the zip codes for our population fell outside a 1-mile radius in almost all instances. Indeed, 3 of the 21 SCAQMD stations with monitoring data for CO had to be excluded entirely, as the zip codes in their vicinity induded large areas in excess of the 2-mile radius criterion. Thus, our analyses were based on 37 zipcode zones located largely within 2 miles of 1 of the 18 SCAQMD CO monitoring stations. Eleven of these zones lay entirely within 2 miles of a monitoring station; an additional 22 zones were situated such that more than 80% of their area fell within the 2-mile radius, and 4 more comprised areas that were 60-80% within the 2-mile range.
The staff of the SCAQMD recommended that we use for our analyses only those CO measurements taken from 0600 to 0900 hr, a period of lower wind speed in the Los Angeles basin, allowing for more reliable measurement of ambient CO levels. Accordingly, hourly measurements from the 0600-0900 period were averaged to estimate CO exposure in the vicinity of each of 18 monitoring stations. Six of these stations also provided air monitoring data for all three of the other pollutants of interest, including hourly round-the-clock measurements for NO2 and ozone, as well as measurements at 6-day intervals for PM10.
We limited our exposure assessments to the last trimester of gestation because the adverse effects of smoking, and thus potentially of air pollution, are mediated by chronic hypoxia during the last trimester; and in Western societies, birth weight is generally determined by factors impacting pregnancy after the 28th week of gestation (24). Furthermore, Wang et al. (17) showed that when modeling the effects of particulates and SO2 on birth weight, third trimester averages best predicted the outcome.
Subjects and outcome. Birth certificates, provided by the California Department of Health Services, were used to identify subjects, to determine third trimester dates (derived from gestational age at birth and birth date), and to ascertain birth weight and most covariates included in the analyses. Subjects were singletons born at term (between 37 and 44 weeks of gestation) to women living within zipcodes largely within 2 miles of a CO monitoring station.
In addition to eliminating multiple and premature births, we also excluded very low birth weight babies (<1,000 g; n = 43), very heavy babies (>5,500 g; n = 42), and the offspring of about 171 pregnancies for which it was noted on the birth certificate that the mother had suffered from uterine bleeding, hypertension, or diabetes prior to delivery. These exclusions were based on our assumption that any effect of ambient CO on such pregnancies would be far outweighed by the influence of the mothers' high-risk medical conditions and/or the treatments for those conditions. Additional analyses, however, showed that these exclusions did not alter our findings (results not shown). Further exclusion of study subjects was due to missing data for any of the variables included in our covariate-adjusted analyses, such as gestational age, birth Table 1) . The outcome of interest was term low birth weight. It was analyzed as a dichotomous variable; thus, all subjects born weighing less than 2,500 g (but at least 1,000 g), were classified as low birth weight and compared to all those weighing in excess of 2,500 g at birth.
Statistical methods. We grouped lasttrimester averages for estimated neighborhood exposure to CO and other pollutants into percentiles of their distribution in the population (<50th, 50-95th, >95th percentile). Exposure to levels below the median was used as the reference category for each pollutant. The effect of ambient air pollution on low birth weight was evaluated through logistic regression analyses; a test for trend was performed using category midpoints as score values.
Several known risk factors for LBW that could potentially modify or confound the relationship with neighborhood CO levels were controlled in the logistic regression models. The most important predictor of birth weight is gestational age (measured in weeks), and we entered a linear and a quadratic term into the models to capture the leveling-off of the slope for weight gain during the last months of pregnancy. This approach was previously been described by Wang et al. (17) . We adjusted for years of maternal age (<19, 20-29, 30-34, 35-39, >40), race (African American, White, Hispanic, Asian), years of education (0-8, 9-11, 12, 13-15, .16), parity (first birth vs. second or subsequent), interval since the previous live birth (<12 months, >12 months), access to prenatal care (none, from first trimester, or later), and infant sex. We also conducted stratified analyses for maternal age, race, and education, as well as sex of the infant, to evaluate the consistency of the air pollution associations across strata, i.e., to identify any effect modification by these factors.
Risk factors for low birth weight that are not registered on California birth certificates include maternal active and passive smoking, pregnancy weight gain, marital status, birth weight of mother, and proportion of time spent at home versus at work or commuting. Employing census data, we were able to adjust to some extent for time commuting, which is of particular interest because CO levels can be extremely high inside cars. Drawing upon the 1990 census data for each zip code, we created several ecologic variables that reflect general differences across monitoring areas with respect to commuting habits. These variables included 1) the proportion of the working population in a zipcode area who spend more than 60 min commuting to work; 2) the proportion who walk to work; and 3) the proportion of employed women with children under 17 years of age. Only the first two variables remained in our final models when we employed the 10% change-in-effect criterion advocated by Greenland (25).
Furthermore, we restricted some of our analyses to the infants of women who had given birth to at least one earlier child. We assumed that women pregnant with a first S i w s f h = : | 1 _ I s : i l f ¢ # : S S t s~.
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Articles * Ritz and Yu Table 2 ). We also restricted some analyses to young mothers (<20 years of age) who might be expected to spend their pregnancy in close proximity to their homes and schools.
As an additional approach to separating the effect of ambient CO exposure from that of other risk factors for LBW that vary across monitoring areas, we conducted further analyses focusing exclusively on the residents living in proximity to the one monitoring station for which the largest range of average CO levels were recorded during the study period. Between 1989 and approximately 24,000 children were born to women living within a 2-mile radius of this station. To increase the sample size, we also explored the effect of expanding the 2-mile radius to a 5-mile radius when calculating last-trimester averages for this one station.
Results
The mean birth weight of all 125,573 (out of 136,376 eligible) children included in our analyses was 3,442 g. Of this total, 2,813 (2.24%) were classified as term LBW (1,000-<2,500 g). Within the "multipollutants" subcohort, which induded only infants for whom we were able to obtain measurements for all four pollutants, plus all the confounding variables, there were 46,921 normal weight and 1,100 (2.29%) LBW term children.
The distribution ofbirths and the known predictors of LBW by monitoring area are shown in Table 1 . There were distinct differences from one location to the next with respect to racial composition, mean educational level, and socioeconomic status. The differences in socioeconomic status were evident both in birth certificate data, which indicated the percentage of women who did not receive prenatal care, and in census data, which specified the percentage of women who had children and whose income fell below the poverty limit.
Pearson correlations oflast-trimester averages for the four pollutants of interest showed that CO was moderately correlated with NO2 (Table 3) . This relationship was expected because a large percentage of both pollutants are produced by the same vehicular sources. On the other hand, CO levels were negatively correlated with ozone levels, a reflection of the pattern of winter highs for CO and summer highs for ozone.
After adjustment for all confounding factors available on birth certificates as well as for differences in commuting habits across areas of monitoring (see Table 4 ), we found a 22% increase in LBW [odds ratio (OR) = 1.22; 95% confidence interval (CI), 1.03-1.44] among the children born to mothers who were exposed on average to more than 5.5 ppm CO (95th percentile for exposure) during the last trimester of pregnancy ( around the effect estimate were wide; i.e., there was less statistical precision due to the decreasing size of the cohort. Among the offspring of women exposed to CO in the 50-95th-percentile range, the odds of LBW were considerably smaller, just 2-4% higher than for infaints whose mothers' exposure to CO fell below the median level.
We applied the same types of analyses to that subset of the cohort for which multipollutant exposure data were available, enabling us to correct for the influence of non-CO pollutants ( found results that were similar to those obtained for all stations combined whether we used a 2-mile or a 5-mile radius from the CO monitor as our cut-off for the study population for that station (OR = 1.24 for CO exposures above the 95th percentile; see Table 7 ). When using first-or second-or alltrimester averages instead of third-trimester averages as our measure of exposure, we found no effect for CO on LBW, as predicted for children born in a Western society.
Discussion
The biological mecanisms whereby air pollution might influence birth weight remain to be determined. Nevertheless, it is known that CO crosses the placental barrier and that the hemoglobin in fetal blood has 10 times more affinity for binding CO than does adult hemoglobin. Moreover, some animal studies have indicated that fetal growth might be retarded by the direct toxic effects of CO and/or nicotine and other substances generated by burning cigarettes (26).
In the early 1970s, a study of 533 Tables 5 and 6 , which show that adding to our models all the potential confounders for which we had information did not appreciably change our estimates for the effect ofCO on LBW.
The most important source of bias in our study is Tables 5 and 6 ). We interpret these elevated effect estimates for the infants ofyounger women as a sign of reduced nondifferential mislassification bias in this maternal-age group compared to the others. Since pregnant teenagers are less likely than others to work far from home and more likely to attend a local school, their personal CO exposures may come dosest to the levels measured by the nearest ambient monitor, so that one could expect the effects of CO in this subgroup to be less obscured by errors in exposure dassification. However, we cannot exdude the possibility that some of the increment in the odds ratios for infants born to very young women may reflect an increased vulnerability to pollutants due to physical immaturity in the mother or due to other risk factors.
Recommendations have frequendy been made to reduce exposure misclassification errors by using personal monitoring equipment to collect higher quality exposure data. However, this recommendation needs to be viewed within the context of the constraints inherent in environmental epidemiologic studies. Environmental exposures are typically considerably lower than those studied in occupational settings, so that large populations are often required to detect effects, a problem compounded when the outcomes of interest are rare. The costs of personal monitoring in large populations can be prohibitive. Moreover, while workers may be required to wear personal monitors, it is doubtful that it would be easy to obtain cooperation from a large population ofpregnant women, even ifcost were no object.
It was the availability of preexisting exposure records from local pollution-monitoring stations that allowed us to study a population of over 100,000, giving us a great advantage in enhanced statistical power to detect small effects at low levels of exposure. Furthermore, although we did not have personal monitoring data, we were able to calculate averages for exposure to ambient air pollutants specific to the last trimester for each individual pregnancy. Finally, because we relied on data that is continuously and routinely collected by public agencies, our work can easily be replicated at diflerent times and in other populations.
We believe that the most efficient and cost-effective strategy for evaluating pollution-related effects is first to screen large populations broadly using existing ambientmonitoring records, as we have done in the present study. Once an exposure-outcome association has been established, in-depth assessments can be conducted on a subset,of individuals with the outcome of interest (e.g., mothers who have given birth to term low birth weight babies), matching them with controls and interviewing each to collect the personal information needed to evaluate the influence of factors such as occupation, time spent in the area of residency, time commuting, nutrition during pregnancy, and indoor sources of pollution. This information, combined with a small validation study of exposure assessment via personal monitors, should serve to refine our understanding of pollutant effects and interactions, resolving many of the questions and uncertainties that could not be addressed in the broader screening study.
Through such follow-up of the present cohort, we plan to examine a number of CO sources in addition to those detected by ambient monitoring to determine how much each type of exposure contributes to low birth weight. Also, still to be addressed is the question ofwhether elevated ambient CO levels are more or less harmfil in mothers who are concurrently exposed to CO from smoking, commuting, or other sources. Further studies should track the effects of CO throughout the gestational period to identifr the peak period(s) of sensitivity for a range of possible adverse outcomes, induding spontaneous abortion, fetal death, birth defects, and prematurity. :... .`-. ...c.,...,.,;. . : . : " " " " " " " " " " " ' .
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